Flow-independent angiography offers the ability to produce vessel images without contrast agents. These angiograms can be acquired with magnetization-prepared three-dimensional balanced steady-state free precession sequences, where the phase encodes are interleaved and the preparation is repeated prior to each interleave. However, frequent repetition of the preparation significantly decreases the scan efficiency. The number of excitations can instead be reduced with compressed sensing that exploits the sparsity of the angiograms. Hence, the phase encodes can be undersampled to save scan time without significantly degrading image quality. These savings can be allotted for preparing the magnetization more often, or alternatively, improving resolution. The enhanced resolution and contrast achieved with the proposed method are demonstrated with lower leg angiograms. Depiction of the vasculature is significantly improved with the increased resolution in the phase encode plane and higher blood-to-background contrast.
Introduction
Magnetic resonance angiography (MRA) is a useful tool in the diagnosis of vascular diseases and the monitoring of their treatment. Many MRA techniques employ agents or rely on blood flow to generate contrast (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . On the other hand, flow-independent angiography (FIA) exploits the inherent MR properties (T1 and T2) of the tissues (11) (12) (13) (14) . Therefore, blood-to-background contrast can be generated even with slow flow without the need for potentially harmful contrast agents (15, 16) .
In early work, FIA angiograms of the extremities were acquired with three-dimensional (3D) magnetization-prepared balanced steady-state free-precession (bSSFP) sequences coupled with centric phase encoding and k-space segmentation (14) . The fat signal was suppressed with the efficient phase-sensitive (PS) SSFP method (17) . This scheme of producing FIA angiograms is SNR-efficient; however, due to partial volume artifacts, the PS-SSFP reconstruction can lead to underestimation of the blood signal.
More recently, we have proposed the use of alternating repetition time (ATR) bSSFP (18) to suppress the fat signal in the angiograms with significantly reduced partial volume artifacts compared to PS-SSFP (19) . Although this technique can clearly depict the underlying vasculature, the large volumetric coverage requirements in the extremities and the need for better blood-to-background contrast limit its performance. First, more k-space samples need to be acquired for improved resolution and superior depiction of the small vessels and vessel boundaries. Furthermore, the number of k-space segments have to be increased to improve the generated contrast and better suppress the background signal. Both these solutions lead to substantial loss in scan efficiency and hence increase the susceptibility to patient motion.
The increased demand in scan time can be eased with techniques that accelerate the MR acquisitions. Various strategies have been proposed to reduce the number of samples without introducing severe image artifacts, including parallel imaging (20) (21) (22) and compressed 2 sensing (23, 24) . Parallel imaging has found wide clinical use; however, the image SNR is proportional to the square-root of the number of samples. Compressed sensing is a more promising approach because it involves non-linear reconstructions with edge-preserving image denoising. Missing k-space samples can be recovered from the acquired data, exploiting image sparsity (25) .
In this work, we employ variable-density undersampling of the phase encodes to accelerate the MR acquisitions. The resulting artifacts can be removed with a compressed sensing reconstruction because the FIA angiograms are sparse in the image domain. The scan time saved by reducing the required number of excitations can then be used to extend k-space coverage and/or repeat magnetization preparation more frequently. The former increases the image resolution, whereas the latter improves the blood-to-background contrast.
The proposed method introduces a flexible framework to adjust the imaging parameters to application-specific needs and improve the quality of FIA angiograms without significant scan time penalties.
Methods
There are two main considerations for producing FIA angiograms that clearly depict the vasculature. First, a large volume has to be covered in the extremities with a threedimensional (3D) acquisition to minimize in-flow effects. Furthermore, a high enough bloodto-background contrast-to-noise ratio has to be achieved in order to perform a maximumintensity projection on the data.
Highly SNR-efficient bSSFP sequences can partially address the aforementioned problems.
These sequences can acquire 3D datasets with large matrix sizes within short scan times.
In addition, bSSFP has inherently high blood and low muscle signal due to the differences in their T2/T1 ratios. Nevertheless, the generated contrast may not be enough to project 3 blood vessels through thick layers of muscle. Furthermore, bSSFP produces a bright fat signal which may obscure the visualization of the underlying structures of interest.
In this work, we produce FIA angiograms with a magnetization-prepared 3D ATR bSSFP sequence along with a segmented k-space acquisition. Magnetization preparation reduces the muscle signal, whereas ATR bSSFP suppresses the fat signal. We further employ compressed sensing to improve image resolution or contrast without increasing the scan time. The following subsections describe the individual parts of this sequence in detail.
Magnetization Preparation
The main purpose of the magnetization preparation section is to improve T2-dependent contrast such as the blood/muscle and arterial/venous blood contrasts, although, any sort of preparation can potentially be included to suppress other sources of background signal.
The T2-preparation is achieved with a segmented adiabatic B1-insensitive rotation (BIR-4) pulse (26) , which is immune to main field and radio-frequency (RF) excitation field inhomogeneities.
Because the prepared magnetization is transient, only a limited number of data can be acquired with the initially generated contrast. Therefore, the data acquisition should begin as soon as possible. For this purpose, the transient signal oscillations are dampened by linearly ramping up the RF tip angle (27) . To further enhance the effect of magnetization preparation on the final image contrast, k-space is grouped into several segments (interleaves) with centric phase-encode ordering (14) . For its simplicity and robustness, a 3DFT k-space acquisition is performed on square-spiral interleaves (28) .
Due to scan efficiency considerations, multiple phase encodes have to be acquired following a single magnetization preparation. Once all phase encodes in an interleaf are acquired, a wait time is inserted to insure recovery of the magnetization to equilibrium. Afterward, the 4 magnetization preparation is repeated prior to acquiring the next interleaf. Figure 1 shows the sequence diagram with the various segments.
Alternating-TR bSSFP
Reducing the fat signal is crucial for FIA angiography in the extremities. First of all, the fat signal is higher than the blood signal in bSSFP sequences because of the higher T2/T1 ratio of fat. The maximum-intensity projections will hence favor the fat pixels. Secondly, for certain values of the repetition time, fat and water signals are going to be out-of-phase.
This leads to an underestimation of the water content in voxels partially occupied by both species. Finally, blood has to be the most significant source of signal in the angiograms to comply with the assumption of sparsity. Any unsuppressed fat signal will reduce the sparsity of the image and applicability of compressed sensing.
Given all of the preceding concerns, ATR bSSFP is an adequate fat suppression technique for this application. It uses two consecutive repetition times (TR1 and TR2) with potentially different durations and an appropriate phase cycling to create a broad stop-band around the fat-resonance (18) . The data is usually acquired during the longer of the two intervals.
Because ATR bSSFP suppresses the fat signal at the time of acquisition, it reduces the susceptibility to partial volume effects. Furthermore, the reduction of the fat signal better sparsifies the angiograms. We can analyze the effect of magnetization preparation on ATR bSSFP by simulating the transient signal for various tissues. To improve the image contrast, the magnetization has to be prepared more frequently. Because a mixture of transient and steady-state signal is captured, the image contrast is affected by the duration of the acquisition window following magnetization preparation. This effect can be increased by acquiring fewer phase encodes per interleaf, and effectively shortening the acquisition window. However, the scan efficiency will then be significantly reduced because each repetition of the magnetization preparation requires time for the preparation itself and additional time for signal recovery.
Alternatively, the number of excitations can be reduced by undersampling the phase-encodes.
The theory of compressed-sensing predicts that a non-linear reconstruction can recover sparse images from randomly undersampled k-space acquisitions, if the undersampling produces incoherent aliasing artifacts (23) (24) (25) . MR angiograms are sparse in the image domain because blood is the most significant source of signal. Furthermore, random-sampling with a decreasing density toward the periphery of k-space as shown in Fig. 3 results in undersampling 6 artifacts that appear as a noise-like interference in the reconstructed images.
Therefore, FIA angiograms can be acquired with variable density random undersampling in the phase-encode plane, and the resulting interference can be removed through compressed sensing. The scan time saved by decreasing the number of excitations can be used either to cover a larger extent in k-space or to increase the number of interleaves. The former will improve the image resolution, whereas the latter will generate more magnetizationprep-dominant contrast, which also increases the sparsity of the image and the efficiency of compressed sensing.
The missing k-space samples are recovered by minimizing the l 1 -norm of the reconstructed image along with a total-variation penalty (25) . In the mean time, the data consistency is ensured by forcing the l 2 -norm difference of the reconstructed data with the acquired k-space samples to be below the noise floor. The compressed sensing reconstruction also denoises the image while preserving the edges and improves the SNR.
Simulations
In order to understand the relation between undersampling and resolution or contrast improvement, we can closely examine role of each in the overall scan time. For the FIA sequence, the scan time is given by:
where N denotes the number of interleaves and T prep , T acq , and T wait are the durations of the preparation, data acquisition, and recovery intervals per each interleaf as defined in Fig. 1 .
The total data acquisition time is determined by the number of phase-encodes (N pe ), the 7 repetition time (TR = TR1 + TR2), and the acceleration factor (R):
Assuming an isotropic resolution of ∆r in the phase-encode plane, the number of phase encodes are inversely proportional to the resolution:
where FOV pe denotes the FOV in the phase-encode dimensions.
We can compute the acceleration factor required to maintain the same scan time while achieving a given (N,∆r) combination using Eqs. 1,2, and 3:
Although various different (N,∆r) pairs can be achieved with the same acceleration factor, the impact on the image SNR is going to vary. If we keep the resolution constant, then N linearly affects the data acquisition time. If we keep the same number of interleaves, then the total data acquisition time remains a constant. However, ∆r determines the voxel size.
The dependency of the image SNR on N and ∆r can be expressed as below:
The acceleration factor and relative SNR were simulated for the following parameters: N ∈ Furthermore, the data acquisition interval per each interleaf (T acq ) remains constant. On the other hand, T acq decreases as we increase the number of interleaves to improve contrast.
Furthermore, the percentage of time spent for data acquisition also decreases:
Equations 2 and 6 were used to compute T acq and %DAQ as a function the number of interleaves, for the aforementioned parameters assuming ∆r = 1 mm.
In Vivo Experiments
Lower leg angiograms were produced on a 1.5 T GE scanner with CV/i gradients using a linear extremity coil. Zero-filled and compressed-sensing reconstructions were performed on the data. For the former case, data were reconstructed with a conventional Fast Fourier
Transform following sampling-density compensation in the phase-encode plane. For the latter, each readout frame was reconstructed separately. The data were zero-padded to improve the performance of the maximum-intensity projection (MIP) and the depiction of the vasculature.
To demonstrate improved resolution with extended k-space coverage, fully-sampled (1X) and randomly undersampled (2X and 4X) lower leg angiograms were produced. The following Prior to computing the MIPs, the data were zero-padded to a matrix size of 384 × 256 × 256. First, we measured the normalized mean-square error per pixel between the original acquisition and the recovered image (25) . Finally, we computed the total variation of the finite differences.
To demonstrate enhanced contrast with more frequent repetition of magnetization preparation, again, fully-sampled (1X) and randomly undersampled (2X, 4X, and 6X) lower leg angiograms were acquired. With respect to the previous experiment, the scan prescription 
Discussion
Flow-independent angiograms of the extremities can be acquired with SNR-efficient bSSFP;
however, background signals from tissues such as muscle and fat must be reduced. A magnetization-prepared 3D ATR bSSFP sequence can address this issue if k-space is segmented into several interleaves with centric phase-encode ordering. However, higher resolution datasets and further improved blood-to-background contrast are desirable depending on application-specific needs. The former reduces partial volume effects, and leads to better visualization of the small vasculature and vessel boundaries. The latter reduces the probability of blood vessels being masked by background tissues.
Unfortunately, there is a fundamental trade-off between scan efficiency and the achievable resolution/contrast. Because the magnetization preparation is inherently transient, a limited number of phase encodes can be acquired with the initial contrast. Hence, the preparation has to be repeated several times to acquire the whole dataset. This significantly reduces the scan efficiency if we want to acquire a larger number of phase encodes or generate better blood-to-background contrast by reducing the number of encodes per interleave. Therefore, the quality of the FIA angiograms may be limited by scan time considerations.
The number of excitations can instead be reduced by randomly undersampling the phase encodes with a decreasing density toward the edge of k-space. The randomness of the sampling pattern yields aliasing artifacts that appear as a noise-like interference. Because these artifacts are incoherent and the FIA angiograms are sparse, the missing k-space samples can be recovered with a non-linear reconstruction. In this work, we have employed compressed sensing reconstructions with a total-variation penalty to remove the interference in the undersampled images without degrading the image accuracy or SNR.
With the ability to reduce the number of excitations, we can improve the resolution or contrast of the FIA angiograms without increasing the scan time. The savings in scan time can be used to extend the k-space coverage and hence achieve higher resolution in the phase encode plane. Alternatively, the the magnetization can be prepared more frequently to yield improved contrast. Finally, any combination of resolution and contrast enhancement is viable with the proposed method, giving the ability to adjust to application-specific needs.
Higher acceleration factors can be used to attain additional improvements in contrast or resolution; however, the incremental time savings diminish exponentially. In addition, the SNR loss due to the reduced data acquisition time and/or voxel size will limit the performance of the method. At higher accelerations (e.g., above 8X with the linear extremity coil), small vessels with limited contrast become indistinguishable from the increased background noise and aliasing artifacts.
As a result, the accuracy of the reconstruction deteriorates, leading to the loss of small vessels in the compressed-sensing reconstructions. Furthermore, the reconstruction starts to lessen the contrast between neighboring tissues (arteries and veins, blood and muscle) while trying to minimize the total variance of the image. Higher accelerations can be achieved while improving the contrast because the SNR loss due to reduced voxel size is more prominent than the loss due to reduced data acquisition time. Furthermore, more frequent repetition of 13 the magnetization preparation increases the sparsity of the image and improves the efficiency of compressed sensing reconstructions.
Finally, ATR bSSFP reliably reduces the fat signal at the time of acquisition, but other fat suppression methods can be used as well. It is important to note that the fat signal has to be reduced as much as possible in order not to violate the sparsity requirement for compressed sensing reconstructions. In other words, techniques that remove the fat signal with post-processing of the data will be suboptimal for this application.
Conclusion
Flow-independent angiograms of the extremities can be produced with a magnetization- The pulse sequence diagram of the magnetization-prepared bSSFP sequence. The T2-Preparation section forms the magnetization preparation module. Immediately following a linearly ramped series of RF excitations, the bSSFP acquisition starts. The total time spent preparing the magnetization and ramping the RF tip angles is T prep . In a given kspace segment (interleaf), samples closest to the center of k-space are acquired first to capture the generated contrast efficiently. After all samples in an interleaf are acquired within T acq , the magnetization is allowed to return to equilibrium during an interval of duration T recovery . Afterward, the magnetization preparation is repeated and the next interleaf is acquired. The initial bloodmuscle contrast is C tran ≈ 5, whereas the steady-state contrast is C ss ≈ 3. The arterialvenous contrast, which also demonstrates T2-dependency, can be as high as 1.9 at the beginning of the acquisition, whereas it diminishes to a value of 1.4 in the steady-state. The probability density function used for generating the randomly undersampled phase-encode mask, designed for undersampling by a factor of 2. The sampling density falls from a value of 1 at the center of k-space to 0.4 at the periphery. The fall-off is sharper and the peripheral sampling density is lower for higher accelerations factors. b: The phaseencode mask shows the resulting variable-density randomly undersampled trajectory. The samples corresponding to the black dots are not acquired. Table 1 : Fully-sampled acquisitions were repeated with increased number of interleaves. The total variation (TV) of the finite differences were measured along with the arterial/venous and blood/muscle contrasts as a function of the number of interleaves. More frequent repetition of magnetization preparation decreases the total variation of the image and improves the arterial/venous and blood/muscle contrasts. Table 2 : The arterial/venous and blood/muscle contrasts are listed for acceleration factors of 1X (full-acquisition), 2X, 4X, and 6X. The percentage improvement over the initial (1X) contrast are also shown. Since the scan time saved is longer at higher acceleration factors, the magnetization preparation is repeated more frequently. This improves the T2-dependent arterial/venous and blood/muscle contrasts.
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